The standard biochemical method of trichlor acetic acid (TCA) wash and the image processing tech nique were combined to differentiate and visualize the distributions of polypeptide-incorporated and unincor porated tracers in an autoradiographic study of regional protein synthesis, The validity of applying TCA wash procedures to cryostat sections was considered by histo logic and chemical evaluations, For the autoradiographic study of in vivo protein synthesis, a tracer dose of L-[14C]valine was administered 30 min after occlusion of the posterior communicating artery in gerbils. Images of total (polypeptide-incorporated and unincorporated) ra dioactivity and of polypeptide-incorporated radioactivity were obtained from an identical cryostat section before Abbreviations used: HE, hematoxylin and eosin; TeA, trich loracetic acid.
As unexpected heterogeneity in tracer delivery may lead to an erroneous interpretation of the rate of polypeptide synthesis, the distributions of not only incorporated tracers, but also of unincorpor ated tracers, are important in the autoradiographic study of in vivo protein metabolism. However, at tention has not been fully paid to the latter fraction, in contrast to that given to the incorporated fraction (Dienel et aI., 1980; Kiessling and Kleihues, 1981; Dwyer et al., 1982; Hossmann et al. , 1983; Kiessling et al. 1984) . The purpose of this article is to develop the method and to study the distribu tions of these two fractions in an identical autora diographic section. The first half of this article eval-and after TCA wash. The polypeptide-unincorporated ra dioactivity image was produced with an image processing system by subtracting pixel by pixel the polypeptide-in corporated radioactivity from the total radioactivity. The present study clearly demonstrated that in spite of the sufficient delivery of tracer amino acids, the polypeptide synthesis was completely lost in the ischemic focus. Free tracer was markedly accumulated in the brain adjacent to the ischemic focus. This kind of autoradiographic tech nique seems to be indispensable in studying the topo graphical complexity of the altered protein metabolism in the pathologic brain. Key Words: Image processing Mongolian gerbil-Protein metabolism-Quantitative autoradiography-Regional cerebral ischemia-Valine.
uates the applicability of the standard biochemical trichloracetic acid (TeA) wash procedures to cryostat sections in distinguishing the two frac tions. In the rest of the paper, TeA wash method was combined with an image subtraction technique (Kato et aI. , 1985) to demonstrate the topographic changes in protein metabolism in a gerbil brain after occlusion of the posterior communicating artery (Yoshimine and Yanagihara, 1983) .
MATERIALS AND METHODS
Mongolian gerbils (Meriones unguiculatus), weighing 60-70 g each, were anesthetized with intraperitoneal in jection of ketamine hydrochloride (80 mg/kg) at the be ginning of the following experiments.
Effect of TeA wash on tissue morphology
As TCA wash procedures may cause detachment of sections from coverslips, or may affect the size and shape of the tissue, morphology of original, air-dried cryostat sections was compared with that of the adjacent sections after TCA wash. Several serial, coronal cryostat sections of 20 /-lm thickness were obtained from a normal brain at the level of dorsal hippocampus, dried on a hot plate at 60°C for 1 h, and kept at room temperature overnight. The most rostral and following every second sections were rehydrated and stained for hematoxylin and eosin (HE) (prewash section). The other sections were treated with TCA wash procedures essentially in the same way as in biochemical analysis (Yanagihara, 1978) . The sec tions were placed in cold WC) 5% TCA for 30 min and washed 3 times with cold TCA, with the last wash being heated at 95°C for 15 min. After extraction with ethanol ether (1: 1), they were dried with ether and stained for HE (postwash section). Morphological details were examined under light microscopy.
Chemical effect of TCA wash on homogenate versus section samples
The following experiments were conducted to compare quantitatively the efficacy of TCA wash procedures in immobilizing incorporated radioactivity and in removing polypeptide-unincorporated radioactivity in cryostat sec tions and in homogenate samples ( Fig. 1) . A tracer dose of L-[l4C]valine (150 /-LCi/kg, 55 /-LCi//-Lmol; Amersham Co. Ltd., Buckinghamshire, England) was administered to a normal gerbil from the femoral vein in 30 s. Forty five minutes after injection, the animal was killed by de capitation, and the brain was frozen with Freon. Tw enty micrometer-thick serial coronal sections were obtained as described above. The most rostral and following every second sections were immediately put into an aliquot of 4 ml of cold 5% TCA and homogenized in a Te flon glass homogenizer (homogenate sample). The other sections were placed on glass coverslips, 18 x 24 mm in size, and dried on a hot plate at 60°C for 1 h (section sample). Te n sections were included in a homogenate sample and an other 10 sections in a section sample. Three pairs of ho mogenate and section samples were obtained from one brain at the level of dorsal hippocampus. Four animals were used in this experiment. This sampling protocol is developed to minimize errors due to the topographic vari ations in the composition of polypeptide-incorporated and unincorporated fractions within the brain. The ho mogenate sample was transferred to a test tube, and the homogenizer was washed with 1 ml of cold 5% TCA to recover whole sample. The homogenate was allowed to stand for 30 min and then washed 3 times with 5 ml of cold 5% TCA, with the last wash being heated at 95°C for 15 min. The supernatant of each wash was collected for the determination of acid-soluble radioactivity. After fur ther wash with ethanol-ether (1: 1) and ether, dry pellets were dissolved in 4 ml of 1 N NaOH (acid-precipitated fraction). Three aliquots, 1 ml each, were taken from the acid-precipitated fraction, added with 0.5 ml of glacial acetic acid, and the radioactivity determined in ACS II scintillant (Amersham, Arlington Heights, IL, U.S.A.) with a Mark III liquid scintillation counter (Tracor Ana lytic, IL, U.S.A.). Protein content of the acid-precipi tated fraction was determined according to Lowry et al. (1951) , with bovine serum albumin as standard. As for the section samples, glass coverslips with cryostat sec tions were dipped in 5 ml of cold 5% TCA for 30 min and were washed 3 times with 5 ml of cold 5% TCA, with the last wash being heated at 95°C for 15 min. These proce dures were carried out in a glass Petri dish, 85 mm in diameter, with very gentle intermittent agitation. The comers of covers lips were pinched off so that all the cov erslips were arranged comfortably in a dish. TCA wash following every second sections were included in the "sec tion" sample (right row). Three pairs of homogenate and section samples were obtained from one brain, Sections in the homogenate sample were homogenized and treated by the standard TCA wash procedure. Sections in the section sample were mounted and dried on glass coverslips and pro cessed in a Petri dish for TCA wash procedure, comparable to that for the homogenate sample. Acid-soluble and insol uble radioactivities, as well as the protein content, of each sample were determined.
solutions were centrifuged, but no appreciable pellet was obtained. Acid-soluble radioactivity of the supernatant was determined as described above. After a further wash with ethanol-ether (1: 1) and ether, the glass covers lips were broken into small pieces and transferred into a test tube to dissolve tissue sections with 4 ml of 1 N NaOH (acid-precipitated fraction). The radioactivity and protein content of the fraction were determined.
Autoradiographic study of focal cerebral ischemia
The right posterior communicating arteries of three gerbils were selectively occluded as described elsewhere (Yoshimine and Yanagihara, 1983) . Briefly, the right tym panic bulla was opened, and a small craniectomy was made on the medial wall of the bulla over the trigeminal nerve. After segmental resection of the retro-Gasserian portion of the nerve, the junction between the internal carotid and posterior communicating arteries was ex posed. The origin of the latter artery was coagulated with bipolar forceps. Thirty minutes after occlusion of the ar tery, 150 f-lCi/kg of L-[I4C]valine (55 f-lCi/f-lmol; Amer sham Co., Ltd.) was administered intravenously, as de scribed above. Arterial blood was sampled 1, 5, 15, 30, and 45 min after the end of injection, and 10 f-ll of plasma was precipitated in 1 ml of cold 5% TCA. After centrifu gation, the supernatant was processed for the determina tion of plasma acid-soluble radioactivity. Forty-five minutes postinjection, animals were killed by decapita tion, and the brain was frozen with Freon. Serial coronal sections, 20 f-lm in thickness, were put on glass cover slips, dried on a hot plate, and were contacted to a Kodak SB-5 x-ray film together with [14C]methyl methacrylate standard plates. After exposure for 14 days, x-ray film was developed (the first exposure autoradiogram). Sec tions were then washed with TCA and ethanol-ether, dried with ether as described above, and contacted to an other SB-5 x-ray film for 14 days (the second exposure autoradiogram). The first and second exposure autora diograms were analyzed with an image processor (UHG-lOl; Unique Medical Co., Ltd., To kyo, Japan) (Kato et aI., 1982 (Kato et aI., , 1985 to obtain the quantitative images of total (acid-soluble and insoluble) and acid-insoluble ra dioactivity. Acid-soluble radioactivity image was then produced by subtracting, pixel by pixel, the acid-insol uble radioactivity from the total radioactivity. A circular region of interest (0.2 mm2 on original autoradiogram) was used for the analysis of the data.
RESULTS

Effect of TCA wash on tissue morphology
Sections were not detached from the glass cover slips. Decreased stainability of cell nuclei for hema toxylin and development of granular patterns in the neuropil were noted in the HE preparations of postwash sections (Fig. 2) . Those changes could be attributable to denaturation of nucleic acids and loss of lipid-soluble materials during the procedure. Careful comparison of the prewash sections with postwash ones, however, demonstrated that the size and shape of whole sections, as well as the morphology of each structure, is satisfactorily pre served.
Chemical effect of TCA wash on homogenate versus section samples
Although acid-soluble radioactivity extracted from two samples did not differ significantly, acid insoluble radioactivity was larger by 6.2% in the section sample than in the homogenate sample (p < 0. 05). The protein content of the acid-precipitated fraction was also larger by 5.5% in the section sample (p < 0.05). Consequently, the ratio of acid insoluble versus acid-soluble radioactivities was larger in the section sample (p < 0. 05), whereas specific radioactivity of the protein did not differ between the two samples (Table 1) .
Autoradiographic study of focal cerebral ischemia
The plasma acid-soluble radioactivity was highest (494 nCi/ml) 1 min after tracer injection, dropped swiftly in the following few minutes, and lowered slowly thereafter (77 nCi/ml at the end of the experimental period) (Fig. 3) . The autoradio graphic image of the prewash section demonstrated decreased total radioactivity in the ipsilateral hip pocampus and thalamus ( Fig. 4A ; Ta ble 2). How- ever, the acid-insoluble radioactivity on the post wash section was completely lost in the ischemic hippocampus and thalamus, as well as in the medial lemniscus and zona incerta ( Fig. 4B; Ta ble 2) . The subtraction image, in turn, demonstrated increased acid-soluble radioactivity in the ischemic hippo campus and thalamus, except for a small area at the center of the dorsal hippocampus, which showed a normal or slightly decreased level of acid-soluble radioactivity ( Fig. 4C ; Ta ble 2). Accumulation of acid-soluble radioactivity was especially marked in the ipsilateral medial lemniscus and zona incerta. Although acid-soluble radioactivity in the cerebral cortex was comparable between both hemispheres, acid-insoluble radioactivity tended to decrease on the ipsilateral hemisphere (Table 2) . Throughout the nonischemic brain, either on the ipsilateral or the contralateral hemisphere, acid-soluble radioactivity was low and homogeneous.
DISCUSSION
As has been used by many investigators, a simple measure to distinguish polypeptide-incorporated amino acids from unincorporated amino acids is to fix polypeptides with protein precipitants, at the same time washing out free amino acids (Baserga and Malamud, 1969; Kiessling and Kleihues, 1981; Dwyer et aI. , 1982; Kiessling et aI. , 1984; Bodsch et aI. , 1986; Kiessling et aI. , 1986; Mies et aI. , 1986) . Although various chemical agents are used for this purpose, the mechanism of fixation may differ among agents, and the amount and nature of fixed Vol. 7, No.4, 1987 FIG. 4. Color-coded images of total (a), acid-insoluble (b), and acid-soluble (c) radioactivities in a gerbil brain at the level of the dorsal hippocampus. Thirty minutes after occlu sion of the right posterior communicating artery, L-[14C]va line (150 j.LCi/kg) was administered intravenously, and the animal was killed 45 min later. The autoradiograms obtained before and after TCA wash were converted with the image processing system to the quantitative radioactivity images for total and acid-insoluble fractions, respectively. Image for acid-soluble radioactivity was then produced by subtracting, pixel by pixel, the acid-insoluble radioactivity from the total radioactivity. Note, total radioactivity was decreased in the ipsilateral hippocampus and thalamus. Acid-insoluble radio activity was completely lost in this ischemic focus. However, acid-soluble radioactivity was preserved or even increased in the ischemic brain. Accumulation of acid-soluble radioac tivity was especially marked in the ipsilateral medial lem niscus and zona incerta. The unit of numbers in the color bar is nCi/g tissue. molecules may not be the same (Pearse, 1980) . Loss of tissue proteins during various histologic fixations has been demonstrated in several earlier studies (Dallam, 1957; Merriam, 1958; Vanha-Pert tula and Grimley, 1970) , Artifactual binding of free amino acids to the tissue may also occur (Peters and Ashley, 1967) . In the previous autora- Total radioactivity 75.7 ± 4.4 75.5 ± 7.2 80.9 ± 9.8b 76.1 ± 12.8 52.4 ± 5.2 49.6 ± 6.2 28.1 ± 7.6b 35.9 ± 6.SC 35.5 ± 7.3C 35.5 ± 11.7c a Animals were administered with L-[14Clvaline (150 f.LCi/kg) 30 min after arterial occlusion and were killed 45 min later. Values are means ± SEM (nCi/g tissue) in 3 animals. b,c Statistically significant difference (p < 0,05 and p < 0,01 by Student's paired t test, respectively) between corresponding regions on each hemisphere, diographic studies, however, the feasibility of ap plying wash technique to tissue sections had not been evaluated. In the present study, we treated cryostat sections with standard TCA wash proce dures used in biochemical analysis (Yanagihara, 1978) and evaluated the validity of such a proce dure. Histologic examination demonstrated phys ical stability of the tissue section. Chemical effects of the wash procedure on the section and homoge nate samples were estimated to see whether or not the autoradiographic quantification can be directly compared with the data of biochemical analysis. As the amount of acid-soluble radioactivities extracted from the two types of samples were comparable, wash out of polypeptide-unincorporated tracers from cryostat sections seems as effective as from the homogenates. The acid-insoluble radioactivity, as well as the protein content, were larger in the section sample than in the homogenate sample. However, the specific radioactivity of the recov ered protein was comparable between two samples. These data suggest that the decreased acid-insol uble radioactivity, as well as the protein content in the homogenate sample, are likely due to the loss of some sample materials during TCA wash; precipita tion of polypeptides might be less effective in the homogenate sample than in the section sample, minute fragments mobilized from the pellet may be lost during decanting the supernatant, or a small amount of sample lodged high on the wall of the test tube cannot be recovered in the pellet. Use of smaller test tubes and addition of carrier protein may improve the recovery of TCA-precipitable ma terials in the homogenate samples. At least in the present experimental set-up, the cryostat section seems to be a better form of sample than the ho mogenate in terms of preservation of acid-insoluble fraction. These histologic and biochemical evalua tions confirmed that the TCA wash is an appro priate procedure for distinguishing two fractions in the autoradiogram, where the acid-soluble and in soluble radioactivities correlate with the amounts of polypeptide-uncorporated and incorporated tracers, respectively. These data were obtained from normal brains, but not from pathologic brains. As TCA is a very effective precipitant of various kinds of proteins and polypeptides, pathologic tissue is assumed to be fixed as well with the present method. However, infarcted or necrotic tissue may be liable to dislodge from the glass cov erslips during TCA wash, which will result in un derestimation of acid-insoluble radioactivity and overestimation of acid-soluble radioactivity. It would be wise, therefore, to avoid vigorous agita tion during TCA wash. This procedure was then combined with the image processing technique for the quantitative autoradiographic study of regional protein synthesis.
The model of experimental cerebral ischemia used in the present study produces severe regional ischemia in a restricted portion of the brain. The ipsilateral hippocampus, part of thalamus, and infe rior and superior colliculi were primarily involved, as was examined histologically (Yoshimine and Yanagihara, 1983) , immunohistochemically (Yama moto et aI., 1986), or with [14C]iodoantipyrine auto radiography (Yoshimine et aI. , 1986) . Restored re gional blood flow in the ischemic brain was 0. 0 1-0.05 mllg/min. The present autoradiographic study with [14C]valine demonstrated that the total radioactivity was significantly decreased, and the acid-insoluble radioactivity was completely lost in the ischemic focus. The acid-soluble radioac tivities, however, were comparable to or even larger than those in the corresponding contralateral structures. These results are intriguing in two re spects. First, the presence of large amounts of acid-soluble radioactivity within the identical re gion is clear evidence supporting the idea that the absence of acid-insoluble radioactivity in the isch emic brain is a result of inhibited polypeptide syn thesis rather than the defective supply of tracer amino acids. Second, despite the decreased re gional blood flow, the acid-soluble radioactivity was considerably increased in the ischemic brain. Previous biochemical studies with tissue sampling methods also demonstrated increased levels of sev eral intrinsic (Elwyn et aI., 1972; Kobayashi et aI., 1975; Calderini et aI., 1978) , as well as extrinsic (Kleihues and Hossmann, 197 1; Dienel et al., 1980) , amino acids after transient cerebral isch emia. The present study demonstrated increase in regional free amino acid tracers, even during the short period of ischemia without recirculation. It is of interest that the accumulation of free tracers was especially marked in the ipsilateral medial lem niscus and zona incerta, where ischemia is not as severe as in the hippocampus and thalamus. Par tially restored blood flow may help delivery of tracer amino acid. The mechanism for an increased level of free amino acid may be explained by the increase in the capillary permeability of pathologic vessels (Kobayashi et aI., 1975) or by the activated carrier-mediated transport of amino acid (Letendre et aI., 1980; Oja and Korpi, 1983) . However, it is not determined in this study whether or not the in crease in free tracer is a consequence of such kinds of accelerated amino acid uptake, or merely a re flection of decreased consumption of tracer due to the inhibited incorporation of amino acid into poly peptide. To elucidate the mechanism, a kinetic study of amino acid transport would be necessary.
The acid-insoluble radioactivity in the ipsilateral cerebral cortex was slightly (16. 1-26.6%) de creased, which was not associated with any change in the acid-soluble radioactivity. Our previous study disclosed that the cortical blood flow is also slightly (10. 7-35.6%) decreased on the side of arte rial occlusion (Yoshimine et aI., 1986) . Cortical cir culation might be primarily decreased by the hemo dynamic effect, like redistribution of blood flow into ischemic brain, which might have secondarily limited the rate of polypeptide synthesis. Alterna tively, the deteriorated hippocampal and thalamic activity might have caused trans neural functional depression of the ipsilateral cerebral cortex, which led to the decrease in protein synthesis and blood flow.
The actual rate of protein synthesis cannot be es-J Cereb Blood Flow Metab, Vol. 7, No.4. 1987 timated without information on the rate of amino acid transport and on the specific radioactivities of the regional precursor pools (Bodsch and Hoss mann, 1983) . Kinetic analysis to access to these pa rameters is not easy with the autoradiographic technique. However, the present study demon strated that the auto radiographic study with the TCA wash method and image subtraction technique is a useful measure to understand the heteroge neous involvement of tracer delivery and its incor poration into polypeptides in the various pathologic conditions of the brain.
